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S
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w
w
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.leidenuniv.nl/~brandl/D
O
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for m
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e
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rod

y
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e
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R
em

em
ber: three general types of detectors:

1.
Photon detectors  (e.g., photoconductors, photographic plates)

2
.
T
herm

al detectors
(e.g., bolom

eters)

3
.
Coherent (heterodyne) receivers



Prob
le

m
 of W

a
ve

 D
e

te
ction

S
trong signal

W
eak signal

Consider using a linear
device w

ith response τ
to m

easure the 

N
ote:

λ
= 1 µm

  
�

ν
= 3

0
0
 T
H
z  �

Δ
t
= 3

.3
·10

-15
s

λ
= 10

0
 µm

  
�

ν
= 3

 T
H
z  

�
Δ
t
= 3

.3
·10

-13
s

λ
= 1 cm

  
�

ν
= 3

0
 G
H
z  

�
Δ
t
= 3

3
 ps

Consider using a linear
device w

ith response τ
to m

easure the 
resulting field:
1.

τ
» f

�
output w

ill be zero on average

2. τ
< f

�
output follow

s the solid curve w
ith pow

er only at the 
original frequencies.

In neither case w
ill the output contain pow

er at the beat frequency 

S
olution (1

): D
ow

n-
conve

rt th
e

 F
re

que
ncy

1. T
he signal S

1 is m
ixed

w
ith a local oscillating field S

2

2
.  T

he m
ix produces a dow

n-converted difference, 
interm

ediate, or “beat” frequency at ω
S
1 –

ω
S
2

(a
n

d
 ω

S
1

+
 ω

S
2 ).



T
he IF

 is the “beat frequency”, 
the difference frequency 
betw

een local oscillator and signal 
frequency.

T
h

e
 Inte

rm
e

d
ia

te
 F

re
que

ncy
 (IF

)

Exam
ple:  T

o m
easure a signal at 

1.5 G
H
z one could use an oscillator 

at 1.55 G
H
z, w

hich w
ould dow

n-
convert the signal to a 50 M

H
z 

carrier.

B
a

sic Principle
 of M

ix
ing

H
eterodyne* receivers

m
ix signals of different frequencies.

�
resulting signal contains only frequencies from

 the  tw
o original signals

�
could (in principle) preserve the phase inform

ation

�
am

plitude is m
odulated at the difference frequency (“ beat frequency”) 

H
eterodyne receivers m

easure this m
odulated am

plitude.

*T
he w

ord heterodyne
is derived from

 the G
reek roots hetero-

"different", 
and –dyne

"pow
er".

Consider tw
o w

aves, x
1 and x

2 :

and “m
ix” them

:

(using the trigonom
etric identity)
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ω
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ω
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=
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=
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A
 linear device (a) yields no output pow

er at any frequency.

S
olution (2

): U
se

 a
 non-

line
a

r D
e

vice

�
N
eed a non-linear device (b,c)

that converts pow
er from

 the 
original frequencies to the beat frequency = m

ixer)

•
sub-m

m
 &
 radio     �

the m
ixer is usually a diode.

•
visible &

 infrared  �
the m

ixer is a photon detector (“photom
ixer”) .

M
e

a
sure

m
e

nt of th
e

 S
igna

l

1. M
odulated am

plitude at the IF

2
. M

easure w
ith non-linear device: clipping of negative part + 

tim
e average of m

odulated am
plitude.



A
d

va
nta

ge
s a

nd
 A

pplica
tions

A
dvantages:

•
D
irectly encodes the spectrum

 of the incom
ing signal over a w

ide 
w
avelength range

�
ideal for spectroscopy

•
W
avefront

reconstruction �
(V
LB

-) interferom
etry

•
W
eak signals (typically pow

er(ω
LO ) » pow

er(ω
S )) �

am
plification

of 
strong oscillator signal

•
S
ignals are dow

n-converted to frequencies w
here low

-noise electronics 
can be used.

A
pplications:

•
M
onopolized the radio

regim
e

•
Com

m
on in sub-m

m
receivers

•
Less used at optical/IR

 w
avelengths because of narrow

 Δ
λ, F

O
V
, 

problem
 to construct large arrays, and noise due to the “quantum

 lim
it”.



T
w

o S
id

e
b

a
nd

s !

U
nfortunately, from

 the m
easured IF

 signal one cannot tell w
hether the 

signal frequency ω
S
 is slightly low

er or higher than ω
LO .   

H
ence, one assum

es that the signal contains tw
o com

ponents of equal 
strength , one at ω

LO
+ ω

IF
  and one at ω

LO
–
ω

IF

B
efore w

e stated:  T
he m

ix produces a dow
n-converted difference, 

interm
ediate, or “beat” frequency at ω

S
1 –

ω
S
2 .

S
id

e
b

a
nd

 Prob
le

m
s

G
ain:

signal has been dow
n-converted to m

uch low
er frequency than ω

S
 

Loss:
w
e don’t know

 if ω
S
> ω

LO
   or  ω

LO
> ω

S

Is this a problem
?

•
for continuum

sources –
not really

•
for spectral lines –

yes!

•
tuning the m

ixer

•
“im

age rejection” narrow
band filter in front of receiver

�
single sideband



T
h

e
 IF

 B
a

nd
w

id
th

 Δ
IF

T
he bandw

idth Δ
f
IF

(even of the best photodiode m
ixers)

is usually 
sm

all com
pared to the signal frequency –

a fraction to a few
 percent.

H
eterodyne receivers operating at short w

avelengths have poor S
/N

  
on continuum

 sources. 

�
H
eterodyne techniques are best for m

easuring spectral lines at 
�

H
eterodyne techniques are best for m

easuring spectral lines at 
extrem

ely high resolution.

N
ote:  in case the bandw

idth Δ
f
IF

is sufficiently w
ide the IF

 output 
can be sent to a set of parallel narrow

band filters (“filter bank”) �
spectral m

ultiplexing

T
he tim

e response of a heterodyne receiver is 1/f
IF

and can be as short as a few
 nanoseconds.



IF
 B

a
nd

w
id

th

T
he IF

 bandw
idth Δ

f
IF

depends on:
1.

frequency response of the m
ixer

2
.
signal am

plifier 
3
.
signal filter

τ
R
C
of photoconductor m

ixers could be short, but are often lim
ited by 

recom
bination tim

es:
•
for G

e:  Δ
f
IF

< 10
8
H
z

•
for G

e:  Δ
f
IF

< 10
8
H
z

•
for InS

b
(hot electron bolom

eters):  Δ
f
IF

< 10
6
H
z

Δ
f
IF

of photodiode m
ixers are usually sm

aller (Δ
f
IF

< few
·10

9
H
z), in 

particular in the infrared:
•
at 10

µm
  ν

= 3
·10

13
 H
z

•
but even if Δ

f
IF

~ 10
9
H
z the bandw

idth is only 0
.0
1%

 of λ
•
at 3

m
m
  ν

= 10
11 H

z  �
Δ
f
IF

~ 3
·10

9
H
z  �

6
%
 of λ



S
e

tup of a
 C

oh
e

re
nt D

e
te

ction S
y

ste
m

  (1
)

taken from
 S
andor

F
rey’s S

um
m
er S

chool presentation at
http://w

w
w
.vlti.org/events/assets/4

/docum
ents/R

adioInterferom
etry-F

rey.pdf  

S
e

tup of a
 C

oh
e

re
nt D

e
te

ction S
y

ste
m

  (2
)

d
ip

le
x
e

r

lo
c
a

l o
s
c
illa

to
r

m
ix

e
r

N
ote the order:

S
ignal+LO

�
Photom

ixer
�

IF
 am

plifier  �
D
etector �

O
utput

“D
etector” here is not

the device that receives the signal photons but 
the output of the IF

 am
plifier.



I. M
ix
e
rs

M
ix

e
rs

If the m
ixer is linear (a

) the conversion efficiency is zero.

E
ven if the m

ixer has an odd function of voltage around the origin (b
) 

the conversion efficiency is zero.

B
ut if biased above zero (

�
A
) the average change in current is 

larger for positive than for negative voltage peaks.

T
he best efficiency is achieved for an even function of voltage (c).

If  I ~ V
2

then
output ~ (field strength) 2

~ pow
er  

w
hich is exactly w

hat w
e w

ant to m
easure! 



M
ix

e
rs  (2

)
G
enerally, a useful m

ixer has an I-V
curve than can be approxim

ated 
by a T

aylor series around the operating point V
0 :

(
)

(
)

K
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=
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d

V
d

V

I
d

d
V

d
V

I
d

d
V

d
V

I
d

d
V

d
V d
I

V
I

V
I

V
V

V
V

V
V

V
V

D
C
       zero response   square-law

 m
ixer         negligible if dV

= V
–V

0
is sm

all

W
e could use a diode*

as m
ixer:

(diode equation –
15

 O
ct)

(
)1

/

0
−

=
kT

q
V

B
e

I
I

K
+

 
 

+
≈

−

2

/

2 1
1

kT

q
V

kT

q
V

e
B

B
kT

q
V

B

•
a diode is non-linear

•
non-linear m

eans that its response I
is not proportional to the input V

•
if I ~ V

2
 ~ Ē

2
 ~ P  that’s exactly w

hat w
e w

ant!

zero 
D
C    response

E
xponential can be expanded as:

E
x

a
m

ple
s

M
ixer B

lock H
ardw

are of the 18
0
-2
8
0
 G
H
z B

alanced M
ixer

http://w
w
w
.subm

m
.caltech.edu/cso/receivers/



Figures from the MMT website of the Rutherford 

http://www.sstd.rl.ac.uk/mmt/components_mixers.php

E
x

a
m

ple
s  (2
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T
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o
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e
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S
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a
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o
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 re

c
e

iv
e
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E

L
IS

Figures from the MMT website of the Rutherford 
Appleton Lab:
http://www.sstd.rl.ac.uk/mmt/components_mixers.php

2
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 d
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1
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e
d

-tu
n

e
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u

b
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h
a
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o

n
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 m
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e
r

5
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a
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o
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ix
e
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II. IF
 A
m
p
lifie

rs



IF
 A

m
plifie

r  (1
)

A
m
plifiers are based on m

etal-sem
iconductor field-effect transistors 

(M
E
S
F
E
T
s) [sim

ilar to J
F
E
T
s but using a S

chottky
junction].

M
E
S
F
E
T

Can be m
ade very sm

all 
�

short electron transit tim
es.

c
h
ro

m
iu

m
 d

o
p
e
d

Problem
: sm

aller size 
�
doping m

ust increase 
�
reduced m

obility (scattering)

Chrom
uim

doping places E
F
 in the m

iddle betw
een valence and 

conduction band �
“sem

i-insulator”.

IF
 A

m
plifie

r  (2
)

B
ecause of the low

 pow
er in the IF

 signal, the am
plifier follow

ing the 
m
ixer is critical.

B
est perform

ance: high electron m
obility transistors (H

E
M
T
s) 

on G
aA

s
or InP

up to ~ 10
11
H
z.  

H
E
M
T
 setup:

M
E
S
F
E
T
 grow

n on  heavily doped 
M
E
S
F
E
T
 grow

n on  heavily doped 
G
aA

lA
s
over G

aA
s.  

E
F
of G

aA
lA
s
can be above E

c
of 

G
aA

s

�
electrons gather in thin G

aA
s

layer w
here the m

obility is high



III. D
e
te
cto

rs

D
e

te
ctor S

ta
ge

  (1
)

T
he detector rectifies

the signal and sends it through a low
-pass 

filter.  H
ence it converts the signal to a slow

ly
varying output 

blocks D
C
 com

ponents 
R
C
 circuit integrates w

ith tim
e constant 

τ
= R

C
  �

frequency sm
oothing

If operated at zero bias (I « I
0 ) the 3

rd and 
higher term

s are negligible.  �
good square-law

 
detector.



D
e

te
ctor S

ta
ge

  (2
)

If the IF
 signal contains im

portant frequency com
ponents it should not

be sm
oothed directly.

Instead, the signal can be sent to a bank of narrow
-band electronic 

filters , operating in parallel –
w
ith a sm

oothing detector for each filter 
output.

H
ence, the filter bank

can provide a spectrum
 of the source.  (A

 back-
end spectrom

eter could consist of several filters tuned to different 
frequencies w

ith detectors on their outputs.)
end spectrom

eter could consist of several filters tuned to different 
frequencies w

ith detectors on their outputs.)

A
utocorrelator

w
ith filterbank

[O
din satellite (U

. F
risk et al. 2

0
0
3
)]

T
his spectral m

ultiplexing is one of the 
m
ost useful features of heterodyne 

receivers.

A
cousto-

O
ptica

l S
pe

ctrom
e

te
r

O
ften the spectrom

eter includes a digital auto-correlator
or an acousto-

optical spectrom
eter ( A

O
S
).

A
n A

O
S
 converts the frequencies to ultrasonic w

aves that disperse a 
m
onochrom

atic light beam
 onto an array of visible light detectors.

from
 W

ikipedia

T
he acoustic w

ave can be created in a crystal (“B
ragg-cell”) and m

odulates 
the refractive index. induces a phase grating.  T

he angular dispersion is a 
m
easure  of the IF

-spectrum
.



O
pt/IR

 H
e

te
rod

y
ne

 R
e

ce
ive

rs

O
pt/IR

 heterodyne receivers...:

•
m
ust operate in double sideband

•
use a continuous w

ave (CW
) laser *

as local oscillator

•
use a beam

 splitter (“diplexer”) to com
bine signal and laser

•
use a photoconductor, photodiode, photom

ultiplier or bolom
eter as 

m
ixer 

m
ixer 

* not available at all w
avelengths!



C
onve

rsion G
a

in
Previously, photon detectors w

ith tim
e constants of m

illi-seconds to 
seconds have been satisfactory. N

ow
 w
e need m

ixers
responding up 

to 1 G
H
z or m

ore.

T
he output current

is

w
here Φ

is the relative phase difference betw
een the signal and LO

 

fields. (D
etailed m

athem
atical treatm

ent see R
ieke

book p. 2
7
9
ff.)

(
)

(
)

[
]

Φ
+

−
+

+
=

t
I

I
I

I
t

I
L

O
S

S
L

O
S

L
O

ω
ω

co
s

2

b
G

V
h

q
 

 
=

≡
Γ

ν

η

p
o
w

er
 

sig
n
al

in
p
u
t 

p
o
w

er
 

sig
n
al

 
IF
 e

d
eliv

erab
l

T
he IF

 current is the heterodyne signal and has a m
ean-square am

plitude of: 

E
xam

ple:  λ=10
µm

, η=0
.5
, G

=0
.5
, V

b =5
V
  �

Г
c = 10

T
he conversion gain is:

S
L

O
t

IF
I

I
I

2
2

=



T
h

rough
put

T
w
o factors lim

it the throughput of a heterodyne system
:

1.
O
nly com

ponents of the signal electric field vector 
parallel to the laser field can interfere  (incl. 
polarization!)

2
.A

 coherent receiver should operate at the diffraction 
2
.A

 coherent receiver should operate at the diffraction 
lim

it of the telescope

�
“ A

ntenna theorem
”  (applies to all heterodyne detectors)

T
h

rough
put –

F
a

ctor 1

sin
θ

λ
θ

l
l

≈
=

T
he signal beam

 w
ill strike the m

ixer in a range of angles relative to 
the LO

 / laser beam
.

T
he conditions for interference lim

it the m
axim

um
 angular 

displacem
ent.

F
ull cancellation occurs w

hen the offset ~ λ

m
ax

m
ax

sin
θ

λ
θ

l
l

≈
=

S
ince the LO

 / laser field is polarized only one polarization com
ponent 

of the source can interfere and produce a signal 
�

heterodyne receivers = single-m
ode detectors



T
h

rough
put –

F
a

ctor 2

2
λ

≈
Ω

A

T
he throughput `A

Ω
’ (collecting area tim

es field of view
 F
O
V
) is also 

called the E
tendue

and is invariant in any aberration-free optical 
system

.

T
herefore, A

Ω
sets also a constraint on the beam

 that can be 

F
rom

                                  and w
ith Ω

= 4
π
sin

2(θ
/2

)  �
θ
2≈
Ω

w
e get:

m
ax

m
ax

sin
θ

λ
θ

l
l

≈
=

T
herefore, A

Ω
sets also a constraint on the beam

 that can be 
accepted by a telescope of diam

eter D
 (or any other optical 

system
).  

T
he angular diam

eter of the F
O
V
 on the sky is:

criterio
n

R
ay

leig
h
 

≈
≈

Φ
D λ

A
 coherent receiver should operate at the diffraction lim

it
of the 

telescope.
[If the receiver only accepts a sm

aller F
O
V
 there is significant loss; if the 

receiver accepts m
uch m

ore �
higher background

and F
actor 1 lim

it.]



H
IF

I on H
e

rsch
e

l
•

T
he observed frequencies range from

 4
8
0
 G
H
z (6

2
5
µm

) to 19
2
0
 

G
H
z (15

6
µm

)
•

Includes the [C II]15
8
µm

 line
•

R
esolving pow

er up to 10
7

•
E
ach m

ixer is follow
ed by a dedicated IF

 pream
plifier 

•
the dow

n-converted ω
IF

is centered at 6
 G
H
z

•
Δ
ω

IF
= 4

 G
H
z

(
)

m
H

z
H

z s
m

d
c

d
µ

ν
ν

λ
3
3

.
0

1
0

4
1
0

1
9
2
0

/
1
0

3
9

2
9

8

2
=

⋅
⋅

⋅
=

=

T
h

e
 H

IF
I B

a
nd

s

•S
even bands

•T
w
o polarization com

ponents each
•T
w
o polarization com

ponents each

•E
ach band has a:

•
w
ide-band spectrom

eter (acousto-optical spectrom
eter)

•
high-resolution spectrom

eter (auto-correlator
spectrom

eter)



T
h

e
 H

e
rsch

e
l F

oca
l Pla

ne

F
or com

pa
rison: T

h
e

 Pla
nck F

oca
l Pla

ne

P
la

n
c
k
 -

E
S

A
's

 C
M

B
 

e
x
p
e
rim

e
n
t 

h
ttp

://w
w

w
.te

ra
h
e
rtz

.c
o
.u

k
/T

K
I/P

la
n
c
k
/P

la
n
c
k
_
T

K
.

h
tm

l





A
 dual-frequency

heterodyne subm
illim

eter
array receiver built 

jointly by M
PIfR

and N
O
V
A
/S

R
O
N
/D

IM
E
S
 for A

PE
X
.

C
h

a
m

p+

h
ttp

://w
w

w
.s

trw
.le

id
e

n
u

n
iv.n

l/~
c
h
a
m

p
/


